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Litter breakdown and invertebrate detritivores in a
- resource-depleted Appalachian stream

S. L. Eggert'* and J. B. Wallace'2

With 6 figures and 4 tables

Abstract: We measured breakdown rates of leaves and small wood for the first three
years in a stream in which detrital inputs were excluded for 7 years and in a reference
stream located in the Appalachian Mountains of North Carolina, USA. Leaf and wood
inputs were excluded using a gill-net canopy constructed over a 170-m section of
stream. We hypothesized that red maple (Acer rubrum) and rhododendron (Rhodo-
dendron maxima) leaf breakdown rates would decline in the litter exclusion stream as
shredder production decreased with each year of litter exclusion. In contrast, we
expected faster wood breakdown rates in the litter exclusion stream as microbes and
invertebrates shifted from leaves to wood as their primary organic matter resource.
Consistent with our predictions, wood breakdown rates were significantly faster in the
litter exclusion stream. We also found significantly slower processing rates of maple
leaves in the litter exclusion stream compared to the reference stream during years 2
and 3. Slower breakdown rates for red maple leaves in the litter exclusion stream were
associated with lower shredder production and estimated consumption rates in years 2
and 3. Shredder production and consumption rate estimates were also lower in the ex-
clusion stream for rhododendron leaves, but leaf breakdown rates were not affected.
We also found that shredder production in litterbags was 3—4 x greater than in benthic
substrates in the litter exclusion stream. In contrast, shredder production in litterbags
was similar to that in benthic substrates in the reference stream. These differences
were probably due to the relatively low availability of organic matter in benthic sub-
strates in the litter exclusion stream. Our data show shredders track high quality or-
ganic matter resources (leaves) and contribute to their loss rate, illustrating the interde-
pendence of stream organisms and terrestrial organic matter input.
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Introduction

Allochthonous inputs form the basis of production in small streams draining
forested watersheds (FISHER & LixENS 1973, VANNOTTE et al. 1980, Mm-
SHALL et al. 1983, WEBSTER & MEYER 1997). Microbes and invertebrates use
leaf detritus as a carbon source (KAUSHIX & HyNEs 1971, ANDERSON & SEg-
DELL 1979, CummINS & KLUG 1979, FINDLAY & ARrsSUFFI 1989). Wood also
serves as a food resource and habitat for stream organisms (e.g. DUDLEY &
ANDERSON 1982, BENKE et al. 1985). Detritus, especially wood, stabilizes eco-
system functioning during disturbances (Opum 1963, BILBy & Likens 1980,
O’NeLL & ReicHLE 1980).

Primary and secondary production, decomposition and nutrient dynamics
have been used as measures of ecosystem functioning in response to biodi-
versity loss (e.g. SCHULZE & MOONEY 1993, MOONEY et al. 1996, LOREAU et
al. 2001 and references within). GESSNER & CHAUVET (2002) made a case for
using litter breakdown as a means of assessing stream ecosystem functioning.
RUESINK & SrIvasTAVA (2001) demonstrated the effects of shredder species
loss on leaf breakdown in artificial streams. In the natural environment, how-
ever, litter breakdown rates can be influenced by a variety of factors, including
stream nutrient concentrations, pH, stream size, leaf or wood species, inverte-
brate density, physical abrasion, stream retention, or microbial colonization
(see reviews by WEBSTER & BENFIELD 1986, SUBERKROPP 1998, GRACA
2001). These confounding factors must be considered when predicting changes
in ecosystem functioning due to disturbance. -

In August 1993, we began a litter exclusion manipulation at Coweeta Hy-
drologic Laboratory, North Carolina, USA, to examine the consequences of
disturbing the stream-riparian zone linkage on ecosystem functioning. Leaf
standing crops in the litter-excluded stream at Coweeta declined rapidly fol-
lowing litter exclusion (WALLACE et al. 1997, 1999). We measured the effects
of litter exclusion on one measure of ecosystem function, leaf and wood
breakdown, during the initial stages of the manipulation. We hypothesized that
leaf breakdown would occur faster in the litter exclusion stream than in a
nearby undisturbed stream because of increased nutrient availability and mi-
crobial activity (ELwooD et al. 1981, MEYER & JOoHNSON 1983, TANK et al.
1998, TANK & WEBSTER 1998), as well as the remaining leaves serving as re-
source “islands”, for invertebrates that are not capable of using alternate or-
ganic matter resources such as wood (e.g. WEBSTER & WAIDE 1982, MEYER &
JoHNnsoN 1983, BENFIELD et al. 1991, PauL & MEYER 1996, SCHOFIELD et al.
2001). As standing crops of leaf detritus declined during the exclusion period,
we expected to see a reduction in shredder production and thus, a decrease in
leaf breakdown rates. This decrease in processing rates has previously been
demonstrated in an insecticide-treated stream at Coweeta (WALLACE et al.
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1982), as well as in experimental streams (PETERSEN & CuMMiNs 1974, MuL-
HOLLAND et al. 1985).

During year 1 of litter exclusion, wood breakdown rates measured using
wood veneer strips were higher in the litter exclusion stream when compared
to the reference stream (TANK & WEBSTER 1998, TANK et al. 1998). TANK &
WEBSTER (1998) hypothesized that this was due to increased nutrient availabil-
ity for microbes associated with wood in the litter exclusion stream. Enzyme
activity, fungal biomass, and microbial respiration were all significantly
greater on wood in the litter exclusion stream than in a reference stream (TANK
& WEBSTER 1998). Breakdown rates of the thin strips of poplar and oak veneer
used in this experiment (TANK & WEBSTER 1998) were 2-3 X higher than
those reported by GoLLADAY & WEBSTER (1988) for small woody debris in
Coweeta streams. We predicted that natural red maple stick processing rates in
the exclusion stream would be faster than that of the reference stream due to
increased microbial colonization, benthic invertebrate feeding, and physical
abrasion, but at a slower rate than that reported by TANK & WEBSTER (1998)
due to a decreased surface area'to volume ratio of natural sticks.

We tested these hypotheses by measuring annual breakdown rates of red
maple and rhododendron leaves and marked red maple sticks for three years in
the litter exclusion and reference streams. The objectives of the study were: 1)
to quantify leaf processing rates in a headwater stream decoupled from its ri-
parian habitat compared to a reference stream, 2) to examine breakdown rates
of small wood in the litter exclusion stream and reference stream, and 3) to
calculate the abundance, biomass and production of litterbag invertebrate taxa
for each stream. We compared our leaf breakdown rates to long-term data for
these streams at Coweeta, which includes data encompassing extremes in an-
nual precipitation (CUFFNEY et al. 1990, CHUNG 1992, CHUNG et al. 1993).

Study sites

The study was conducted in two headwater streams at Coweeta Hydrologic Laboratory
(Macon Co.) in the southern Appalachian Mountains in North Carolina, USA. The ref-
erence stream (Catchment 53) is approximately 135 m in length and is located within
one km of the litter exclusion stream (Catchment 55), which had all leaf litter and
woody debris excluded from its 170-m length since August 1993. Direct-fall litter was
excluded from the treatment stream-using 1.2-cm mesh gill net canopy erected across
the channel, while blow-in litter was trapped using 20-cm high bird netting along the
stream sides (WALLACE et al. 1999). Small woody debris was manually removed from
the exclusion stream in August 1996 after the leaf decomposition study. Large woody
debris was removed from the stream in August 1998. Both catchments are forested pri-
marily with tolip poplar (Liriodendron tulipifera), white oak (Quercus alba), red oak
(Quercus rubra), and dogwood (Cornus florida). Rhododendron maximum forms a
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Table 1. Physical characteristics of reference and litter exclusion streams at Coweeta
Hydrologic Laboratory, NC. Elevations measured at the gauging flume.

Variable Reference Litter Exclusion
Catchment

Area (ha) 5.2 1.5

Elevation (m a.s.l.) 829 810

Aspect South South
Channel length (m) 135 170
Wetted width (m) 0.7-12 1.2-1.6
Bankfull channel area (m?) 327 373
Gradient (cm/m) 27 20
Canopy cover (%) 88.9 91.7
Substrate (% composition)

Mixed 73 87

Bedrock outcrop 27 13
Mean Annual Discharge (L/s)

19851989 0.50 1.08

1993-1996 0.93 1.68
Mean Annual Degree Days :

1985-1989 . 4486 4430

1993-1996 4427 4492
Mean NOs-N (ug/L) .

1985-1993 3 4

1993-1996 3 8
Mean NH4-N (ug/L)

1985-1993 2 2

1993-1996 3 3
Mean PO, (ng/L) ~

1985-1993 3 2

1993-1996 2 2

dense understory, which reduces the sunlight reaching the stream bed year-round. The
two streams are similar with respect to catchment area and substrate type (Table 1).
The long-term leaf breakdown data set (1985-1995) for catchments 53 and 55 included
the wettest and driest years on record at Coweeta. Differences in mean annual dis-
charge, annual degree days, ammonium, and phosphate did not differ between streams
before and after litter exclusion (Table 1, p>0.05, Before After Control Impact (BACI)
analyses, STEWART-OATEN et al. 1986). Nitrate concentrations in the litter exclusion

_stream were significantly greater after the start of the litter exclusion (Table 1, p
<0.001, BACI).

Materials and methods

Leaf breakdown

Leaf litter breakdown rates were measured for thododendron and red maple leaves
during 1993-1994, 1994-1995, and 1995-1996 (the first three years of litter exclu-
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sion). Leaves were collected during October of each year from trees in each watershed
and air dried until the beginning of the experiment. Approximately 15 g dry weight of
each species was placed into 20x36-cm plastic 5-mm mesh bags. Litterbags (35 of each
leaf species) were placed in the streams the first week of December each year of the
3-year study. Ten litterbags of each species were taken out to the field and immediately
returned to the lab to correct for handling loss. Total dry weight of each leaf species
added to each stream was 0.5kg. Three to seven replicates were collected after ca. 7, 14,
28,70, 96, 134, 170, 205 and 232 days for red maple bags, with later collection dates (298
and 350 days) for several sets of rhododendron bags due to slower breakdown rates. Col-
lected litter bags were placed on ice and returned to the laboratory for processing.

Litterbag contents were washed to remove invertebrates and sediments, oven-dried
(60°C for 7 days), weighed, ashed (500 °C for 12 hours), and re-weighed to obtain ash-
free dry mass (AFDM) remaining for each date. Processing rates were calculated using
the exponential decay model by regressing the natural log of the percent AFDM re-
maining against incubation time in days (PETERSEN & CummINs 1974). We compared
differences in breakdown rates between streams for each year of litter exclusion and
leaf species using analysis of covariance (BENFIELD 1996) (JMP, version 4.0.4, SAS).
Using long-term datasets from CUFFNEY et al. (1990), CHUNG (1992), and CHUNG et
al. (1993), we examined relationships between red maple leaf breakdown rates and
shredder production, mean annual discharge, annual degree days, and nitrate and phos-
phate concentrations in stream water using forward stepwise multiple regression analy-
sis (Sigma Stat, version 2.0, SPSS). Differences in breakdown rates between streams
before and after litter exclusion were compared using BACI analyses (STEWART-
OATEN et al. 1986).

Wood breakdown

Breakdown rates of small wood were assessed in each stream using individually
marked red maple sticks (0.5-1.5 cm diameter, 12-30 cm length) cut from saplings in
catchment 56 at Coweeta. Forty-five sticks were placed in each of two locations in
each stream on 10 November 1993. Total wet weight of wood added to each stream
was 1.26 kg and 1.20kg for the litter exclusion and reference stream, respectively.
Twenty sticks were collected from each stream in early December during 1994, 1995,
and 1996. A final collection of 10 sticks from each stream was made in June 1998.
Sticks removed from each stream were oven-dried (60 °C for 7 days), weighed, ashed
(500°C for 24 hours), and re-weighed to obtain AFDM estimates remaining for each
date. Initial wet weights were converted to AFDM using a wet weight/ AFDM regres-
sion developed from 40 additional sticks [g AFDM = 0.22625 + 0.66731x g wet
weight, * = 0.99]. Breakdown rates were calculated using the exponential decay
model (described above) and compared between streams using analysis of covariance
(BENFIELD 1996) (TMP, version 4.0.4, SAS).

Invertebrates colonizing litterbags

Invertebrates were separated from litterbags within 24 hours of collection using nested
1-mm and 250-pm mesh sieves and preserved in 7-8 % formalin with Phloxine B dye
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to aid in sorting. All organisms were sorted under a dissecting microscope (15 x). In-
vertebrates in the 250-um fraction were subsampled if the total number of organisms
in a sample exceeded 100 using a sample splitter (WATERs 1969) before being removed
from the sample. All organisms were measured to the nearest mm (total body length)
and identified to genus when possible. Chironomidae were identified as Tanypodinae
or non-Tanypodinae. Non-insects were identified to order. Functional groups were as-
signed based on MERRITT & CUMMINS (1996) or gut content analyses. Length-weight
regressions (BENKE et al. 1999) were used to convert body lengths to AFDM for bio-
mass estimates presented as annual means. Secondary production estimates for shred-
der taxa were calculated using the size frequency method (HYNEs & COLEMAN 1968,
HamiLton 1969) with a cohort production interval correction (BENKE 1979). 95 %
confidence limits were calculated for shredder production data using methods of
KRUEGER & MARTIN (1980) for size-frequency data.

Differences in invertebrate densities and biomass between streams and leaf species
were compared using 2-way analysis of variance (ANOVA) of log (x+1) transformed
data. In order to compare litterbag production to benthic production in mixed sub-
strates, we converted annual litterbag production per bag to annual production per m?
by dividing annual production per bag by litterbag area (0.055 m?), and plotted litter-
bag production against mixed substrate (substratum of mixed silt, sand, pebble and
cobble) preduction reported by WALLACE et al. (1999). We compared litterbag produc-
tion to mixed substrate production because leaf detritus is more abundant in mixed
substrates, compared to bedrock rockface habitat in these streams (WALLACE et al.
1997, 1999).

We calculated leaf consumption by shredders (BENKE & WALLACE 1980, CUFFNEY
et al. 1990) in litterbags and mixed substrates of each stream for each year using the
equation:

Consumption (mg AFDM bag ™ yr™) = Production (mg AFDM bag™ yrly/
(AE x NPE),

where AE is assimilation efficiency and NPE is net production efficiency.

We used an average value of 13 % for AE and 38 % for NPE based on studies by
McDirreTT (1970) and PERRY et al. (1987). We also calculated a range of consumption
estimates using a high AE and NPE of 20 % and 40 %, respectively, and low AE and
NPE of 10 % and.30 %. Shredder consumption was divided by initial mass of leaf ma-
terial in litterbags to obtain the proportion consumed. To calculate proportion of leaves
in the mixed substrates consumed by shredders, we divided shredder consumption by
the maximum leaf standing crop measured in each stream for each year (WALLACE et
al. 1999). The weight of leaf litter introduced into each stream in the litterbags (1 g
AFDM/m?) was added to the maximum leaf standing crop in the consumption calcula-
tions.
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Results

Litter breakdown

The breakdown rate of red maple leaves was similar in the treatment stream (k
= 0.0087 day‘l) and the reference stream (k = 0.0084d™) during the first year
of litter exclusion (Fig. 1). Breakdown rates in the litter exclusion stream in-
creased to 0.0108 and 0.0102 day™ during years 2 and 3, respectively, but
were significantly slower (p <0.001, ANCOVA) than those measured in the
reference stream (k = 0.0172 and 0.0177d 7%, respectively). Breakdown rates of
rhododendron leaves during the first two years were faster in the litter exclu-
sion stream (k = 0.0066 and 0.0064 day™), than in the reference stream (k =
0.0041 and 0.0032d™! for years 1 and 2, respectively) (Fig. 1). The difference
in thododendron breakdown rates differed: significantly between streams dur-
ing year 2 (p<0.001, ANCOVA). During year 3, the thododendron breakdown
rate in the reference stream (k = 0.0058 d™!) was similar to that in the litter ex-
clusion stream (k = 0.0047d™"). When we compared differences in breakdown
rates between streams before and after litter exclusion, we found no significant
difference for either leaf species (red maple p = 0:14; thododendron p = 0.69,

0.022 w —@— Red maple - Reference

0.020 - --O-- Red maple - Liter exclusion
’ ~%-- Rhododendron - Reference

0018 41  —g-- Rhododendron - Litter exclusion

0.016

0.014 4 .
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1984 1986 1988 1990 1992 1994 1996
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Fig. 1. Leaf breakdown rates (d™*) % 1 SE for red maple and thododendron litterbags in
reference and litter exclusion streams from 1993 to 1995. Arrow indicates start of litter
exclusion. *** indicates p <0.001, using ANCOVA. No data collected from 1990 to
1992. Data from 1985 to 1989 from CUFFNEY et al. (1990) and CHUNG (1992). R? for
reference stream red maple regressions for 1993,.1994, 1995: 0.95, 0.95, 0.92. R? for
reference stream rhododendron regressions for 1993, 1994, 1995: 0.91, 0.98, 0.86. R?
for litter exclusion stream red maple regressions for 1993, 1994, 1995: 0.93, 0.93, 0.94.
R?2 for litter exclusion stream rhododendron regressions for 1993, 1994, 1995: 0.82,
0.89, 0.94.
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Fig. 2. Red maple stick breakdown rates (day™) + 1 SE in reference and litter exclusion
streams from November 1993 to June 1998. R? for reference stream regression = 0.99,
R? for litter exclusion stream = 0.99. ** indicates p<0.01, using ANCOVA.

df = 6 for both tests, BACI analysis). However, the power of the BACI analy-
ses was low (0.21 and 0.05) due to the low degrees of freedom.

Breakdown rates of red maple sticks were significantly faster in the litter
exclusion stream than in the reference stream (p <0.01, ANCOVA) (Fig. 2).
The percent AFDM remaining (87 %) was similar in each stream after the first
year, but the difference between streams increased with each additional year.
Sticks removed from the litter exclusion stream after 4.5 years were classified
as decay class IV or V, based on RoBisoN & BEScHTA’s (1990) decay class
system ranging from I (least decayed) to V (most decayed). The majority of
the sticks had no bark remaining and wood texture ranged from slightly sof-
tened to deeply grooved. The cross-sectional shape of most sticks changed
from round to oval-shaped by the end of the experiment. Sticks from the refer-
ence stream were classified as decay class IIT or IV, most with portions of in-
tact bark and light-colored, firm wood.

- Invertebrate abundance, biomass and production

Invertebrate abundance per litterbag was greater for red maple (range: 1041-
2709 individuals per bag), than for rhododendron (range: 669-1159 individu-
als per bag) in both streams during our study (Figs. 3A & B). Species in the
collector-gatherer and predator functional feeding groups (FFGs) dominated
invertebrate abundance in both types of litterbags. Total invertebrate abun-
dance, collector-gatherer, primary consumer (non-predators), and predator
abundance in red maple litterbags did not differ significantly between streams
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Fig. 3. Mean annual abundance (A and B) and biomass (C and D) of invertebrate func-
tional groups in red maple and rhododendron litterbags in the reference (REF) and lit-
ter exclusion stream (LE) during Yr1 (1993-1994), Yr2 (1994-1995), and Yr3 (1995~
1996) of litter exclusion.

for any year (p>0.05, ANOVA) (Table 2). Scrapers and shredders were signifi-
cantly greater in red maple bags in the litter exclusion stream than in the refer-
ence stream for all three years (Fig. 3 A, Table 2). We found no difference in
abundances of shredders, filterers, predators, or total invertebrates in rhodo-
dendron litterbags between streams for any year (Fig. 3 B, Table 2). Collector-
gatherer and primary consumer abundances were significantly (p <0.05,



324 S.L.Eggertand J. B. Wallace

Table 2. Results of 2-way ANOVA comparing abundance and biomass of inverte-
brates in red maple and rhododendron litter bags between streams [reference (Ref) and
litter exclusion (LE)] and among years (1993 = yr 1, 1994 = yr 2, 1995 = yr 3). Data
were log (x+1) transformed. Multiple comparisons testing significance of each inver-
tebrate group separately were made using Tukey’s test. * p <0.05, ** p <0.01, *** p
<0.001, NS = not significant.

Invertebrate Red Maple Rhododendron
group Stream Year Stream Multiple Steam Year Stream Multiple
X Year comparisons x Year comparisons
Abundance
Scrapers *** NS NS LE>Ref *4% NS NS LE>Ref
Shredders * NS NS LE>Ref NS NS NS
Leuctra spp. ** NS *  LE>Refduringyr2 NS NS NS
Peltoperlidae NS  ** NS yrs1&3>yr2 NS NS NS
Lepidostoma spp. NS NS NS NS NS NS
Pycnopsyche sp.  **  ** NS Ref>LE, yr3>yr2 ** NS NS Ref>LE
Molophilus sp. * 4%x NS LE>Ref,yrl>yrs2&3 NS NS NS
Tipula spp. NS *** NS yr2>yrs1&3 NS NS NS
Fattigia pele ** NS NS LE>Ref * * NS LE>Ref,yr3>yr2
Gatherers NS NS NS . * NS NS Ref>LE
Filterers = NS NS Ref>LE NS NS NS
Primary Consumers NS NS NS ’ * NS NS Ref>LE
Predators NS NS NS NS NS NS
Total invertebrates NS NS NS NS NS NS
Biomass
Scrapers ** NS NS LE>Ref #k NS NS LE>Ref
Shredders NS NS NS NS NS NS
Leuctra spp. ** NS NS LE>Ref NS NS NS
Peltoperlidae NS NS NS NS NS NS
Lepidostoma spp. NS NS NS . NS * NS yr3>yrl
Pycnopsyche sp.  *** ** NS Ref>LE,yr3>yrl *** NS NS Ref>LE
Molophilus sp. * NS NS LE>Ref NS NS NS
Tipula spp. NS ** NS yr2>yrs1&3 NS NS NS
Fattigia pele NS NS NS R NS LE>Ref,yr3>yr2
Gatherers NS NS NS NS NS NS
Filterers ** NS NS Ref>LE NS NS NS
Primary Consumers NS NS NS NS NS NS
Predators NS NS NS NS NS NS
Total invertebrates NS NS NS NS NS NS

ANOVA) greater in rhododendron bags in the reference compared to the litter
exclusion stream for all three years.

As with abundance, total invertebrate biomass was greater for red maple
litter bags (range: 46—52mg AFDM per bag), than for rhododendron litterbags
(range: 30—-45mg AFDM per bag) in both streams (Figs. 3 C & D). Proportio-
pally, shredder biomass dominated (39-73 %) both types of litterbags. Total
invertebrate and shredder biomass in red maple and rhododendron bags did
not differ significantly between streams for any year (Figs. 3C & D, Table 2).
Scraper biomass was significantly greater in the litter exclusion stream
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Fig. 4. Mean annual abundance (A and B) and biomass (C and 15) of shredder taxa in
red maple and rhododendron litterbags in the reference (REF) and litter exclusion
stream (LE) during Yr1 (1993-1994), Y12 (1994-1995), and Yr3 (1995-1596) of litter
exclusion.

(p<0.01, ANOVA) for both leaf species, while filterer biomass was signifi-
cantly greater in the reference stream (p<0.01, ANOVA) in red maple bags
(Table2).

Leuctra spp. and Peltoperlidae were the most abundant shredders in red
maple and rhododendron litterbags, together making up 78—91 % of shredder
abundance (Figs. 4 A & B). Leuctra spp., Molophilus sp. and Fattigia pele
abundances were all significantly greater in red maple bags in the litter exclu-
sion stream than in the reference stream (Table 2). Shredder biomass was more
evenly split among the five dominant taxa than it was for abundance (Figs. 4C
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& D). Peltoperlidae and Pycnopsyche sp. biomass was dominant in red maple
bags, whereas Peltoperlidae and Tipula spp. biomass dominated rhododendron
bags. Overall, we found only a slight decline in shredder biomass over the
three years of litter exclusion in the treatment stream for both red maple and
rhododendron bags.

Total shredder production in red maple and rhododendron litterbags was
greater in the treatment stream, than in the reference stream during year 1 (Ta-
ble 3). This pattern reversed during years 2 and 3, when total shredder produc-
tion in the litter exclusion stream declined to 84 and 44 % of that found in ref-
erence stream red maple bags. For rhododendron litterbags, shredder produc-
tion in the exclusion stream dropped to 78 % of that estimated for the reference
stream during years 2 and 3. Production of Leuctra spp., Molophilus sp., and
Fattigia pele remained as high, or higher in the litter exclusion stream than in
the reference stream regardless of leaf species (Table 3). Production of other
taxa such as Lepidostoma spp. and Tipula spp. did not decline in the exclusion

Table 3. Annual secondary production (mg AFDM litterbag™! yr™!) + 95% CL of
shredders in reference and litter exclusion streams from 1993 to 1995.

Taxon 1993 1994 1995
Reference  Litter Reference  Litter Reference  Litter
Exclusion Exclusion Exclusion
Red Maple
Leuctra spp. 203+73 252489 15.3+5.5 31.1+6.8 18.0+10.8 19.7+39
Peltoperlidae _ 6471178 6571204 132.7£249 84.41+28.1 69.1£189 522+149

Lepidostoma spp. 108447  12.7+5.5 9.0+2.9 93+19  233+%74 7.3%3.1
Pycnopsyche sp. 3461230 46177 4641228 123+83 117.01384 24.5+19.6

Molophilus sp. 32+33 6.513.9 4.8+89 2.0£1.7 2.7+2.1 47139
Tipula spp. 58+£3.3 319+£19.4 43.4%£237 67.3+£46.6 423+33.1 6.1£6.6
Fattigia pele 1.0+1.0 4,0£2.2 1416 34120 23+£25 29+25
Psilotreta sp. 0.1+2.1 1.5£1.9 02+1.0 0.1+£2.0 0.0+£0.0 1.9+24
Limonia sp. 02104 0.3£0.6 0.0£0.0 04+0.7 0.4+£0.9 2.6+52
Anchytarsus sp. 0.11£0.1 0.0+£0.0 0.2£0.3 0.0+0.0 0.0£0.0 04+£0.8
Lipsothrixsp. . 0.0 0.0 0.0 2.3 0.0 0.0

Total shredders  140.8 1524 253.4 212.6 2751 122.3
Rhododendron .

Leuctra spp. 20.6+8.7 56.5+16.8  7.7+2.7 152+3.6 16.1£7.5 24.9+13.3
Peltoperlidae 33.8%7.5 36.6+9.9  56.5+12.0 249%6.1 61.5+11.1 53.1£285

Lepidostoma spp.  6.916.1 6.7+2.4 11.2+4.0 7.0£3.5 14.5+4.7 8.4+3.5
Pycnopsyche sp. 17.3£142 57195 8.216.2 2.5+£3.8 24.5+15.1 5.2+6.8

Molophilus sp. 3.0+3.3 1.0%1.7 5.1+6.7 34421 1.7£1.3 1.6+1.4
Tipula spp. 31.1+19.7 63.7+33.6  62.8%27.1 65.1+36.2 37.1121.5 24.7%184
Fattigia pele 02403 3.8+1.9 0.6+0.6 0.6+0.6 1.1+£0.7 3.0+1.3
Psilotreta sp. 0.4+0.8 4.1%5.7 0.0+£0.0 0.4+£0.7 0.1+0.1 0.7+0.8
Limonia sp. 0.0£0.0 0.1£0.2 0.2£0.2 1.0+0.9 0.5+0.5 0.4+0.5
Anchytarsus sp. 0.3+0.5 0.240.5 0.6+0.6 0.0£0.0 0.0£0.0 0.1£0.1
Lipsothrix sp. 0.0 0.1 0.0 0.2 0.0 0.0

Total shredders  113.6 178.5 152.9 120.3 157.1 1221
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stream until the third year of litter exclusion. Pycnopsyche sp. production de-
~ clined immediately in the litter exclusion stream in both red maple and rhodo-
dendron litterbags, while Peltoperlidae declined in years 2 and 3.

We compared shredder abundance, biomass, and production in litterbags to
that found naturally in benthic mixed substrates (WALLACE et al. 1999) by
converting both production measures to the same units. We found greater
shredder production in the litter exclusion litterbags than in the mixed sub-
strates for each of the three years of the study (Fig. 5). Shredder production in
litterbags in the litter exclusion stream was 4 X greater for red maple leaves
and 3 x greater for rhododendron leaves than shredder production in mixed
substrates of the litter exclusion stream. Shredder abundance, biomass and
production in litterbags in the reference stream were similar or lower than that
measured in the mixed substrates (Fig.5).

Consumption and processing rates

Using literature estimates of AE and NPE, we estimated that shredders con-
sumed an average of 17-45 % of leaves in the litterbags annually in the refer-
ence stream (Table 4). Invertebrate consumption was higher for red maple
leaves than rhododendron, and consumption increased slightly from years 1
through 3 in the reference stream. In the litter exclusion stream, however, the
proportion of leaf litter consumed by shredders generally decreased with each
year of exclusion. Shredder consumption of leaf litter in the mixed substrates
of the reference stream from 1993 to 1996 paralleled that calculated for the lit-
terbags. In the mixed substrates of the litter exclusion stream, however, the

Table 4. Estimated annual leaf consumption by shredders in red maple and rhododen-
dron litterbags, and mixed substrates in reference and litter exclusion streams from
1993 to 1995. Average annual consumption based on annual shredder production, as-
similation efficiency (AE) of 13 %, and net production efficiency (NPE) of 38 %. High
(AE = 20 %, NPE = 40 %) and low (AE = 10 %, NPE = 30 %) bioenergetic efficiencies
in parentheses.

Reference Litter exclusion
Year % leaf litter consumed % leaf litter consumed
Red Maple 1993 21.5(13.2-35.3) 23.2(14.3-38.2)
1994 38.4 (23.7-63.3) 32.3(19.9-53.2)
1995 454 (28.0-747) 20.1(12.4-33.2)
Rhododendron 1993 17.3 (10.7-28.4) 27.2(16.8-44.7)
- 1994 23.7 (14.6-39.0) 18.1 (11.2-29.8)
1995 24.2 (14.9-39.8) 18.7 (11.6-30.9)
Mixed Substrates 1993 12.9 (8.0-21.2) 35.0 (21.6-57.6)
1994 14.9 (9.2-24.5) >100.0
1995 24.4 (15.0-40.1) >100.0
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Fig. 6. Long-term relationship between shredder production (g AFDM m™2yr™) and
red maple leaf breakdown rates (d™) in the reference stream (C 53) and litter exclusion
stream (C 55) during non-treatment years of 1985, 1988, 1989, 1993, 1994, and 1995.
Regression equation line: —k = 0.000628 + (0.0000638 x shredder production).

proportion of maximum leaf standing crop consumed by shredders increased
to more than 100 % during years 2 and 3 (Table 4), indicating that shredders
were consuming resources other than leaf detritus.

Multiple regression analyses showed that red maple breakdown rates were
strongly and significantly correlated with annual litterbag shredder production
=093, p<0.001, n =9, Fig. 6). When we added mean annual discharge and
annual degree days to the model, each independent variable explained only an
additional 1% of the variance in breakdown rates. Mean annual nitrate and
phosphate concentrations did not explain any additional variance in processing
rates when added to the model.

Discussion

Leaf breakdown

The strength of the relationship between shredders and red maple breakdown
rates in the long-term data set, and the lack of significant relationships be-
tween breakdown rates and nutrients, water temperature and discharge demon-
strate the importance of shredders in these streams. Many studies have found
that leaf processing rates are related to shredder abundance and biomass (e.g.
ROUNICK & WINTERBOURN 1983, BENFIELD & WEBSTER 1985, CUFFNEY et al.
1990, STEWART 1992, FAZ1 & Rossi 2000, HIEBER & GESSNER 2002). Without
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litter inputs to the litter exclusion stream, we expected to see much faster
breakdown rates for both leaf species during year 1, when compared to the ref-
erence stream. Contrary to our predictions, processing rates for red maple and
rhododendron were similar between streams during the first year. This result
can be partially explained by the timing of the start of the litter manipulation.
The canopy was installed in August 1993, before autumn litter fall. A small
standing crop of slowly decaying leaf species such as rhododendron and oak
remained in the stream, offering a poor quality, but available carbon source for
the microbial and invertebrate communities. Microbial respiration and fungal
biomass were significantly greater on wood surfaces in the exclusion stream
(TaNKk et al. 1998, TANK & WEBSTER 1998). Total shredder production in
- mixed substrates declined by 5 % (year 1), 70 % (year 2), and 44 % (year 3)
compared to pretreatment levels during the first three years of litter exclusion
(WALLACE et al. 1999). Shredders were disproportionately more abundant in
the litterbags than in the mixed substrates of the exclusion stream compared to
the reference stream (Fig. 5). Following the start of litter exclusion, the litter-
bags served as ‘resource islands’ in a resource-depleted environment. We did
not observe this pattern in the reference stream, nor did we find any significant
differences between streams for total shredder biomass in red maple and rho-
dodendron litterbags (Table 2).

The concept that leaf packs serve as resource islands in streams has been
previously described by WEBSTER & WAIDE (1982), MEYER & JOHNSON
(1983), BENFIELD & WEBSTER (1985), BENFIELD et al. (1991), and BENFIELD
et al. (2001). Rhododendron leaves in larger Coweeta streams are thought to
serve as patches of food resources when other leaf species are flushed out dur-
ing floods (PAUL & MEYER 1996), or during summer months when other spe-
cies have already disappeared (SCHOFIELD et al. 2001). PALMER et al. (2000)
offered direct evidence that detritus accumulations serve as resource patches
in a Virginia stream, where they found higher chironomid and copepod densi-
ties in leaf patches than in sand. These organisms also preferentially colonized
leaf patches containing fast decaying leaf species with high microbial abun-
dances, over slow decaying leaf species with low microbial abundances.
Long-term analyses of drift rates from the litter exclusion stream showed a
greater proportion of shredder biomass drifting within the exclusion stream
than in the reference stream at baseflow conditions (SILER et al. 2001). Pre-
sumably, these organisms were more actively searching for food in the litter-
depleted stream. Higher invertebrate emigration from channels with reduced
leaf litter was also observed in a 9-day microcosm experiment simulating litter
exclusion (ROWE & RICHARDSON 2001).

We expected leaf breakdown rates would decline in the exclusion stream as
shredder production declined during later stages of litter exclusion, yet break-
down rates for red maple increased from year 1 during the last 2 years of the
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study for both streams. Shredder production in the red maple litterbags also in-
creased compared to year 1 in both streams during year 2, and during year 3 in
the reference stream (Table 3). Our comparison of shredder production in lit-
terbags versus mixed substrates showed that shredders continued to be attract-
ed to the litterbags in the exclusion stream (Fig. 5). TANK & WEBSTER (1998)
suggested that microbes colonizing leaves and wood in low-nutrient forested
headwater streams compete for a limited supply of water column nutrients. We
suspect that by year 3, newly available dissolved nutrients due to the reduced
leaf standing crop had stimulated microbial activity on litterbag leaves in the
exclusion stream, maintaining average breakdown rates despite the decrease in
shredder production. Although TANK & WEBSTER (1998) provided evidence of
increased microbial activity on wood during year 3, we do not have measure-
ments of microbial activity on leaves. Similar patterns of litter breakdown
have been observed in cave streams isolated from allochthonous inputs (Ga-
LAS et al. 1996, StMON & BeNFIELD 2001).

It is unclear as to why rhododendron breakdown rates did not differ be-
tween streams after litter exclusion. Rhododendron breakdown rates declined
in the treatment stream from years 2 to 3, but were still similar to pretreatment
data from CUFFNEY et al. (1990) and CHUNG (1992) (Fig. 1). Although we do
not have long-term data regarding the relationship between shredder produc-
tion and rhododendron breakdown rates in these streams, shredder biomass
and production were lower in rthododendron bags than in red maple bags. Pre-
vidus work in a Coweeta stream treated with insecticide showed that rhodo-
dendron breakdown rates decreased by 62 % when shredder biomass was re-
duced (CUFFNEY et al. 1990). Rhododendron processing rates did not differ
from red maple processing rates in the insecticide-treated stream until most of
the red maple leaves had been processed. SCHOFIELD et al. (2001) found that
insect shredder biomass was positively related to rhododendron leaf break-
down in a fourth-order Coweeta stream during summer months when only
rhododendron leaves remained. Rhododendron leaves are a less preferred food
resource compared to other leaf species such as red maple (WEBSTER & WAIDE
1982) and were probably consumed by shredders in the litter exclusion stream
after the availability of more palatable leaf species (e.g. red maple) declined.

The proportion of leaves consumed by shredders in the litterbags declined
from 23-32 % during years 1 and 2 of exclusion to 19-20 % during year 3
(Table 4). At the same time, consumption of red maple and rhododendron
leaves in reference stream litterbags increased from 17-38 % to 24-45%. An-
nual leaf consumption estimates from litterbags during 1988 and 1989 ranged
from 14~19 % for the litter exclusion stream, which was undisturbed during
1988 and 1989, and 20-24 % for the reference stream (CHUNG 1992). In
benthic mixed substrates, we estimated the proportion of annual leaf consump-
tion in the exclusion stream to be well over 100 % during the second and third
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years of exclusion, which indicates that some shredders consumed resources
other than leaves. HaLL et al. (2000) examined organic matter flows in food
webs during the second year of litter exclusion and found a greater proportion
of total invertebrate production derived from wood rather than leaf detritus.
They also reported an overall decline in detrital flows in the exclusion stream
and the loss of taxa from the food web. Some taxa such as Pycnopsyche sp.
did not switch to alternate food resources, and did not survive in the exclusion
stream (EGGERT et al., unpubl. data). Taxa (e.g. Tipula spp., Leuctra spp., Pel-
toperlidae, and Molophilus sp.) capable of using alternate food resources such
as small wood or fine particulate organic matter, switched to other resources
as leaf standing crops declined (EGGERT et al., unpubl. data).

Physical abrasion may have also played a role in the leaf breakdown rates
measured in this study. Coarse and fine inorganic particle transport increased
significantly during the first year of litter exclusion as particles were flushed
from the stream associated with reduced organic matter retention (WALLACE et
al., unpubl. data). Curent velocities also increased significantly in the treat-
ment stream following the start of litter exclusion (MEYER et al., unpubl. data).
Litterbags in the litter exclusion stream became buried in sediments more of-
ten than those in the reference stream. The movement of sediments resulting in
bag burial (WEBSTER & WAIDE 1982, MAYACK et al. 1989) and increased cur-
rent velocities (DOBSON et al. 1992, PAuL & MEYER 1996) may have affected
breakdown rates of leaves in the exclusion stream, but we have insufficient
data to address this hypothesis.

Wood breakdown

As predicted, we found that small wood (<15 mm diameter) breakdown rates
in the litter exclusion streamn were significantly faster (1.4 x) than in the undis-
turbed stream. Processing rates for small wood in this study are similar to
those reported in Coweeta headwater streams by GOLLADAY & WEBSTER
(1988) for small red oak sticks (k = 0.00033—0.00077d™") and WEBSTER et al.
(1999) for <20 mm-diameter yellow poplar and white pine sticks (k =
0.00024-0.00062 d™Y). TANK & WEBSTER (1998) found that decomposition
rates of poplar wood veneers in spring 1995 were 1.8 x faster in the litter ex-
clusion stream compared to the reference stream. Their rates (k = 0.0048—
0.0085d™) were extremely fast due to the high surface area to volume ratio of
. the 1-mm thick veneers used for breakdown measurements. MELILLO et al.
(1983) found very fast breakdown rates (k = 0.00329~0.00110d™) for alder
and aspen in Canadian headwater streams. However, they used 1-cm diameter
wood chips with high surface area to volume ratios. Alder is also a nitrogen-
rich species (MELILLO et al. 1983).
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We did not examine the mechanisms behind the increased wood break-
down rates. Experiments conducted by TANK & WEBSTER (1998) and TaNK et
al. (1998) showed greater microbial respiration, extracellular enzyme activity
and fungal biomass on wood in the litter exclusion stream. They concluded
that higher microbial colonization on wood substrates was related to the higher
availability of dissolved nutrients due to the absence of leaves. In a study con-
ducted during the third year of litter exclusion, TANK et al. (1998) found that
relative phosphorus availability was two times greater and relative nitrogen
availability was five times greater in the litter exclusion stream due to the ab-
sence of leaves. Our water chemistry data showed that phosphorus concentra-
tions from 1993 to 1996 remained similar in the exclusion stream, while nitrate
concentrations doubled (Table 1).

Macroinvertebrates can play an important role in the mineralization and
nutrient cycling of woody debris in small streams (ANDERSON et al. 1984).
Xylophages such as Lara avara (Coleoptera), Heteroplectron californicum
(Trichoptera), and Lipsothrix fenderi (Diptera) have been reported to consume
wood at a rate of 13 to 223 % of their body weight per day (ANDERSON et al.
1984, STEEDMAN & ANDERSON 1985). Small wood supporting xylophagous
invertebrates typically decays faster than wood that does not. GOLLADAY &
WEBSTER (1988) compared invertebrate taxa richness and abundance on tether-
ed sticks in a stream subjected to clear-cutting and in a reference stream. Taxa
richness was 2 X greater and abundance 2.5x greater on sticks in the clear-cut
stream, which also had the fastest breakdown rates. Some wood gougers de-
pend on fungal communities to soften the wood and make it more palatable for
invertebrate consumption (DUDLEY & ANDERSON 1982). Evidence from TANK
& WEBSTER (1998) and TANK et al. (1998), along with our observations of hea-
vily grooved sticks found in the litter exclusion stream suggest that the signifi-
cantly greater fungal biomass found on wood in the litter exclusion stream
made the remaining wood material and associated microbial biofilms a good
alternate food resource for some invertebrates.

Another possible explanation for the higher breakdown rates of sticks in
the exclusion stream is increased movement of sediments. GOLLADAY &
WEBSTER (1988) reported greater breakdown rates for sticks subjected to peri-
odic burial and rewetting as sediment moved in a stream draining a clear-cut
watershed. In our study, the lack of organic matter inputs and rapid breakdown
of the leaf biomass in the exclusion stream greatly decreased the retention of
fine and coarse inorganic particles. Some of these sediments were alternately
deposited on and flushed from marked sticks in this study and may have
played a role in the higher breakdown rates.
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Effects of litter exclusion on ecosystem functioning

The exclusion of leaf litter and woody debris for three years resulted in signifi-
cantly lower benthic organic matter standing crops in the manipulated stream
(WALLACE et al. 1999). In-stream generation of dissolved organic carbon was
reduced by 30 % (MEYER et al. 1998), and invertebrate production declined to
42 % of pre-treatment levels (WALLACE et al. 1999). The data presented here
demonstrate additional impacts of disrupting the riparian zone-stream linkage
on litter breakdown and invertebrate colonization. The higher shredder pro-
duction in litterbags compared to benthic mixed substrates shows the impor-
tance of leaf litter as a food resource for invertebrates in the exclusion stream.
For shredders, the litterbags represented resource patches in a resource-
depleted environment. Long-term data also clearly related red maple leaf
breakdown rates to shredder production.

Even though the litterbags served as resource islands, breakdown rates of
red maple leaves in the exclusion stream were still slower than those in the
reference stream. Studies by TANK & WEBSTER (1998) and TANK et al. (1998)
showed that microbial activity increased in the litter exclusion stream, but
even the enhanced colonization of litter by microbes could not replace the
function of the shredder populations. Leaf burial may have also played a role
in the reduced breakdown rates. The faster breakdown rates of small woody
debris in the exclusion stream also impacted ecosystem function by reducing
the supply of an alternate food resource for some animals (HaLL et al. 2000),
and decreasing the retention of organic matter (WALLACE et al., unpubl. data)
and nutrients (WEBSTER et al. 2000). Based on results of this study and previ-
ous work in these streams, it is apparent that maintaining riparian connections
with small streams is critical to the normal functioning of these ecosystems.

Acknowledgements

We thank DErrICK CARTER, LAUREL CHAFIN, GRETA CHRISTENSEN, BRIAN KEELEY,
Erica LinNEMAN, DEBBIE ROWE, ScotT STROUD, and SARA BLANKENSHIP for tech-
nical assistance. Drs. DAROLD BATZER, STEPHEN GOLLADAY, JouN HUTCHENS, JUDY
MEYER, AMY ROSEMOND, ROBERT WETZEL, and two anonymous reviewers provided
valuable comments to improve this manuscript. Drs. WAYNE SWANK, BRIAN KLOEP-
PEL and the staff at Coweeta Hydrologic Laboratory assisted with site support. This re-
search was funded by The National Science Foundation (Grants DEB-9207498 and
DEB-9629268).

References

ANDERSON, N. H. & SEDELL, J. R. (1979): Detritus processing by macroinvertebrates
in stream ecosystems. — Annu. Rev. Entomol. 24: 351-377.



Litter breakdown in an Appalachian stream 335

ANDERSON, N. H., STEEDMAN, R. J. & DUDLEY, T. (1984): Patterns of exploitation by
stream invertebrates of wood debris (xylophagy). — Verh. Int. Verein. Limnol. 22:
1847-1852.

BeNFIELD, E. F. (1996): Leaf breakdown in stream ecosystems. — In: HAUER, F. R. &
LaMBERT], G. A. (eds.): Methods in stream ecology. — Academic Press, New York,
USA, pp. 579-589.

BEeNFIELD, E. E & WEBSTER, J. R. (1985): Shredder abundance and leaf breakdown in
an Appalachian Mountain stream. — Freshwat. Biol. 15: 113-120.

BENFIELD, E. F,, WEBSTER, J. R., GOLLADAY, S. W., PETERS, G. T. & StouT, B. M.
(1991): Effects of forest disturbance on leaf breakdown in southern Appalachian
streams. — Verh. Int. Verein. Limnol. 24: 1687-1690.

BENFIELD, E. F,, WEBSTER, J. R, Tank, J. L. & HutcHEens, J. J. (2001): Long-term
patterns in leaf breakdown in streams in response to watershed logging. — Int. Rev.
Hydrobiol. 86: 467-474.

BEnke, A. C. (1979): A modification of the Hynes method for estimating secondary
production with particular significance for multivoltine populations. — Limnol.
Oceanogr. 24: 169-174.

BENKE, A. C., HENRY, R. L., GILLESPIE, D. M. & HUNTER, R. J. (1985): Importance of
snag habitat for animal production in southeastern streams. — Fisheries 10: 8—13.

BENKE, A. C., HURYN, A. D., SMOCK, L. A. & WALLACE, J. B. (1999): Length-mass re-
lationships for freshwater macroinvertebrates in North America with particular ref-
erence to the southeastern United States. — J. N. Amer. Benthol. Soc. 18: 308~
343.

. BENKE, A. C. & WALLACE, J. B. (1980): Trophic basis of production among net-spinn-
ing caddisflies in a southern Appalachian headwater stream. — Ecology 61: 108-
118.

BLBY, R. E. & LIkeNS, G. E. (1980): Importance of organic debris dams in the struc-
ture and function of stream ecosystems. — Ecology 61:'1107-1113.

CHUNG, K. (1992): Recovery of macroinvertebrate fauna from insecticide-induced dis-
turbance in small headwater streams — Ph.D. Dissertation, University of Georgia,
Athens, GA, USA. T

CHuNG, K., WALLACE, J. B. & GRUBAUGH, J. W. (1993): The impact of insecticide
treatment on abundance, biomass and production of litterbag fauna in a headwater
stream: a study of pretreatment, treatment and recovery. — Limnologica 28: 93—
106.

CuUFrrFNEY, T. F., WALLACE, J. B. & LuGTHART, G. L. (1990): Experimental evidence
quantifying the role of benthic invertebrates in organic matter dynamics of head-
water streams. — Freshwat. Biol. 23: 281-299.

Cummins, K. W. & KLug, M. J. (1979): Feeding ecology of stream invertebrates. —
Annu. Rev. Ecol. Syst. 10: 147-172.

DossonN, M., HILDREW, A. G., IBBOTSON, A. & GARTHWAITE, J. (1992): Enbancing lit-
ter retention in streams: do altered hydraulics and habitat area confound field ex-
periments? — Freshwat. Biol. 28: 71-79.

DupLEY, R. & ANDERSON, N. H. (1982): A survey of invertebrates associated with
wood debris in aquatic habitats. — Melanderia 39: 1-21.

ELwoop, J. W, NEwsoLD, J. D, TRIMBLE, A. F. & StTark, R. W. (1981): The limiting
role of phosphorus in a woodland stream ecosystem: effects of P enrichment on
leaf decomposition and primary producers. — Ecology 62: 146-158.



336 S.L. Eggertand J. B. Wallace

Fazi, S. & Rossi, L. (2000): Effects of macro-detritivore density on leaf detritus pro-
cessing rate: a macrocosm experiment. — Hydrobiologia 435: 127-134.

FINDLAY, S. E. G. & Arsurr, T. L. (1989): Microbial growth and detritus transforma-
tions during decomposition of leaf litter in a stream. — Freshwat. Biol. 21: 261
269.

FIsHER, S. G. & LixeNs, G. E. (1973): Energy flow in Bear Brook, New Hampshire: an
integrative approach to stream ecosystem metabolism. — Ecol. Monogr. 43: 421-
439.

GALAS, 1., BEDNARZ, T., DUMNICKA, E., STARZECKA, A. & WorrtaN, K. (1996): Litter
decomposition in a mountain cave water. — Arch. Hydrobiol. 138: 199--211.

GESSNER, M. O. & CHAUVET, E. (2002): A case for using litter breakdown to assess
functional stream integrity. — Ecol. Appl. 12: 498--510.

GoLLADAY, S. W. & WEBSTER, J. R. (1988): Effects of clearcut logging on wood
breakdown in Appalachian Mountain streams. — Amer. Midl. Nat. 119: 143-154.

Graca, M. A. S. (2001): The role of invertebrates on leaf litter decomposition in
streams — a review. — Int. Rev. Hydrobiol. 86: 383-393.

HavrL, R. O., WALLACE, J. B. & EGGERT, S. L. (2000): Organic matter flow in stream
food webs with reduced detrital resource base. — Ecology 81: 3445-3463.

HamiLTON, A. L. (1969): On estimating annual production. — Limnol. Oceanogr. 14:
T71-782. ;

HIEBER, M. & GESSNER, M. O. (2002): Contribution of stream detritivores, fungi, and
bacteria to leaf breakdown based on biomass estimates. — Ecology 83: 1026-1038.

Hynes, H. B. & CoLeMaN, M. J. (1968): A simple method of assessing the annual pro-
duction of stream benthos. — Limnol. Oceanogr. 13: 569-573.

- KausHIk, N. K. & Hynes, H. B. N. (1971): The fate of the dead leaves that fall into
streams. — Arch. Hydrobiol. 68: 465-515.

KRUEGER, C.C. & MARTIN, F. B. (1980): Computation of confidence intervals for the
size-frequency (Hynes) method of estimating secondary production. — Limnol.
Oceanogr. 25: 773-7717.

Loreau, M., NaEEM, S., INCHAUSTL, P, BENGTSSON, J., GRIME, J. P, HECTOR, A,
Hoorer, D. U., HustoN, M. A., RaFFateLLl, D., Scamm, B., TimaN, D. &
WARDLE, D. A. (2001): Biodiversity and ecosystem functioning: current knowl-
edge and futare challenges. — Science 294: 804 —-808.

Mayack, D. T., THorp, J. H. & CoHTRAN, M. (1989): Effects of burial and floodplain
retention on stream processing of allochthonous litter. — Oikos 54: 378-388.

McDrrreTT, W. F. (1970): The transformation of energy by a stream detritivore, Ptero-
narcys scotti (Plecoptera). — Ecology 51: 975-988.

MEeLLo, J. M, NamaN, R. J,, ABER, J. D. & EsHLEMAN, K. N. (1983): The influence
of substrate quality and stream size on wood decomposition dynamics. — Oecolo-
gia 58: 281-285.

MERRITT, R. W. & Cummins, K. W. (1996): An introduction to the aquatic insects of
North America, 3rd ed. —~ Kendall/Hunt, Dubuque, 1A, USA.

MEYER, J. L. & Jounson, C. (1983): The influence of elevated nitrate concentration on
rate of leaf decomposition in a stream. — Freshwat. Biol. 13: 177-183.

MEYER, J. L., WALLACE, J. B. & EGGERT, S. L. (1998): Leaf litter as a source of dis-
solved organic carbon in streams. — Ecosystems 1: 240—249.



Litter breakdown in an Appalachian stream 337

MinsHALL, G. W., PETERSEN, R. C., Cummins, K. W, Borr, T. L., SEDELL, J. R,
CuUsHING, C. E. & VANNOTTE, R. L. (1983): Interbiome comparison of stream eco-
system dynamics. — Ecol. Monogr. 53: 1-25.

MooNEY, H. A., CusaMAaN, J. H., MEDINA, E., Sara, O. E. & ScHuLZE, E.-D. (eds.)
(1996) Functional roles of biodiversity: a global perspective. — John Wiley & Sons
Ltd, New York, NY, USA.

MULHOLLAND, P. J., ELwoob, J. W., NEWBOLD, J. D. & FerrIN, L. A. (1985): Effect
of a leaf-shredding invertebrate on organic matter dynamics and phosphorus spi-
raling in heterotrophic laboratory streams. ~ Oecologia 66: 199-206.

ObuM, E. P. (1963): Primary and secondary energy flow in relation to ecosystem struc-
ture. — Proc. XVI Int. Cong. Zool. 16: 324-329.

O’NEenL, R. V. & REICHLE, D. A. (1980): Dimensions of ecosystem theory. — In: WAR-
ING, R. H. (ed.): Forests: fresh perspectives from ecosystem analysis. ~ Oregon
State University Press, Corvallis, OR, USA, pp. 11-26.

PaLMeR, M. A, Swan, C. M., NeLsoNn, K, SILVER, P. & ALvVESTAD, R. (2000):
Streambed landscapes: evidence that stream invertebrates respond to the type and
spatial arrangement of patches. — Lands. Ecol. 15: 563~576.

PauL, M. J. & MEYER, J. L. (1996): Fungal biomass of 3 leaf litter species during de-
cay in an Appalachian stream. — J. N. Amer. Benthol. Soc. 15: 421-432.

PerrY, W. B., BENFIELD, E. F, PERRY, S. A. & WEBSTER, J. R. (1987): Energetics,
growth, and production of a leaf-shredding aquatic insect in an Appalachian
Mountain stream. — J. N. Amer. Benthol. Soc. 6: 12-25.

PETERSEN, R. C. & CummMiNs, K. W. (1974): Leaf processing in a woodland stream. —
Freshwat. Biol. 4: 343-368.

RoBisoN, E. G. & BEsScHTA, R. L. (1990): Characteristics of coarse woody debris for
several coastal streams of southeast Alaska, USA. — Can. J. Fish. Aquat. Sci. 47:
1684-1693. ‘

RoOUNICK, J. S. & WINTERBOURN, M. J. (1983): Leaf processing in two contrasting
beech forest streams: Effects of physical and biotic factors on litter breakdown. —
Arch. Hydrobiol. 96: 448 -474.

Rowe, L. & RICHARDSON, J. S. (2001): Community responses to’ experimental food
depletion: resource tracking by stream invertebrates. - Oecologia 129: 473 -480.

RUESINK, J. L. & SrRivasTAva, D. S. (2001): Numerical and per capita responses to
species loss: miechanisms maintaining ecosystem function in a community of
stream insect detritivores. — Oikos 93: 221-234.

ScHOFIELD, K. A, PRINGLE, C. M., MEYER, J. L. & SUTHERLAND, A. B. (2001): The
importance of crayfish in the breakdown of thododendron leaf litter. —~ Freshwat.
Biol. 46: 1191-1204.

ScHULZE, E.-D. & Moonty, H. A. (Eps.) (1993): Biodiversity and ecosystem func-
tion. — Springer-Verlag, New York, NY, USA.

SILER, E. R., WALLACE, J. B. & EGGERT, S. L. (2001): Long-term effects of resource
limitation on stream invertebrate drift. — Can. J. Fish. Aquat. Sci. 58: 1624-1637.

SmmoN, K. S. & BeNreLD, E. F. (2001): Leaf and wood breakdown in cave streams. —
J. N. Amer. Benthol. Soc. 20: 550-563.

STEEDMAN, R. J. & ANDERSON, N. H. (1985): Life history and ecological role of the
xylophagous aquatic beetle, Lara avara LECONTE (Dryopoidea: Elmidae). —
Freshwat. Biol. 15: 535-546.



338 S.L.Eggertand J. B. Wallace

STEWART, B. A. (1992): The effect of invertebrates on leaf decomposition rates in two
small woodland streams in southern Africa. — Arch. Hydrobiol. 124: 19-33.

STEWART-OATEN, A., MURDOCH, W. W. & PARKER, K. R. (1986): Environmental im-
pact assessment: Pseudoreplication in time? — Ecology 67: 929--940.

Suserkrorp, K. (1998): Microorganisms and organic matter decomposition. — In:
NamaN, R. I. & BiLsy, R. E. (eds.): River ecology and management: lessons
from the Pacific coastal ecoregion. — Springer Verlag, New York, USA, pp. 120~
143.

TANK, J. L. & WEBSTER, J. R. (1998): Interaction of substrate availability and nutrient
distribution on wood biofilm development in streams. — Ecology 79: 2168-2179.

TaNK, J. L., WEBSTER, J. R. & BENFIELD, E. F. (1998): Effect of leaf litter exclusion on
microbial enzyme activity associated with wood biofilms in streams. — J. N. Amer.
Benthol. Soc. 17: 95-103.

VANNOTTE, R. L., MiNsHALL, G. W,, Cummins, K. W., SEDELL, J. R. & CusHiNg, C.
E. (1980): The river continuum concept. —~ Can. J. Fish. Aquat. Sci. 37: 130-137.

WALLACE, J. B., EGGERT, S. L., MEYER, J. L. & WEBSTER, J. R. (1997): Multiple
trophic levels of a forest stream linked to terrestrial litter inputs. — Science 277:
102~104.

- — — ~ (1999): Effects of resource limitation on a detrital-based ecosystem. —
Ecol. Monogr. 69: 409-442. )

WALLACE, J. B., WEBSTER, J. R. & CUFFNEY, T. F. (1982): Stream detritus dynamics:
regulation by invertebrate consumers. — Oecologia 53: 197--200.

WAaTEeRs, T. F. (1969): Subsampler for dividing large samples of stream invertebrate
drift. — Limnol. Oceanogr. 14: 813-815.

WEBSTER, J. R. & BENFIELD, E. F. (1986): Vascular plant breakdown in freshwater eco-
systems. — Ann. Rev. Ecol. Syst. 17: 567-594.

WEBSTER, J. R., BENFIELD, E. F., EHRMAN, T. P, SCHAEFFER, M. A,, TANK, J. L., Hut-
CHENS, J. J. & D’ANGELO, D. J. (1999): What happens to allochthonous material
that falls into streams? A synthesis of new and published information from Co-
weeta. — Freshwat. Biol. 41: 687-705.

WEBSTER, J. R. & MEYER, J. L. (1997): Stream organic matter budgets. — J. N. Amer.
Benthol. Soc. 16: 3-161.

WEBSTER, I. R., TANK, J. L., WALLACE, J. B., MEYER, J. L., EGGERT, S. L., EHRMAN,
T. P, WARD, B. R, BENNETT, B. L., WAGNER, P. F. & McTamMany, M. E. (2000):
Effects of litter exclusion and wood removal on phosphorus and nitrogen retention
in a forest stream. — Verh. Int. Verein. Limnol. 27: 1337-1340.

WEBSTER, J. R. & WAIDE, J. B. (1982): Effects of forest clearcutting on leaf breakdown
in a southern Appalachian stream. — Freshwat. Biol. 12: 331-344.

Submitted: 14 May 2002; accepted: 15 October 2002.



